Due to the toxic nature of mercury, many methods have been developed for its detection and treatment in various chemical systems. Of these, potentiometric detection based on two types of ion-selective electrodes is described in the literature for the detection of mercury ions. 1,2 One is a solid-state mercury(II) sulfide electrode; 1 the other is a liquid-membrane electrode, 3 which is one of the most important types of chemical sensors. Liquid-membrane electrodes, prepared with a poly(vinyl chloride) immobilized carrier, are easy to implement, inexpensive and reliable. [4] [5] [6] [7] These electrodes show good stability, a relatively fast response time and a wide dynamic range. Many organic and inorganic compounds have been investigated as sensing agents in producing ISEs.
Introduction
Due to the toxic nature of mercury, many methods have been developed for its detection and treatment in various chemical systems. Of these, potentiometric detection based on two types of ion-selective electrodes is described in the literature for the detection of mercury ions. 1, 2 One is a solid-state mercury(II) sulfide electrode; 1 the other is a liquid-membrane electrode, 3 which is one of the most important types of chemical sensors.
Liquid-membrane electrodes, prepared with a poly(vinyl chloride) immobilized carrier, are easy to implement, inexpensive and reliable. [4] [5] [6] [7] These electrodes show good stability, a relatively fast response time and a wide dynamic range. Many organic and inorganic compounds have been investigated as sensing agents in producing ISEs. [8] [9] [10] [11] Dithiazone, 12 1,4-dithia-12-crown-4, 13 hexathia-18-crown-6-tetrone, 14 and 2-mercaptobenzimidazole 15 have been reported in the literature as Hg
2+
-PVC-based membrane electrodes having a good Nernstian response and a high ion selectivity.
Calixarenes, due to their suitable complexation characteristics with cations, have been used as neutral ionophores in ionselective electrodes. [16] [17] [18] [19] Calixarene tetraesters and related derivatives have been used as sensing agents in sodium-sensors for the chemical analysis of sodium in body fluids. 19, 20 Structural modifications of the calix and the binding sites and a variation in the cavity size have been mainly responsible for the use of calixarenes as selective sensing agents for ions other than sodium. [21] [22] [23] [24] [25] [26] [27] Calixarenes with soft donor atoms as binding sites have also been reported as ion-selective electrodes for heavymetal ions (silver, copper, lead). [28] [29] [30] Recently, silver and cesium ion-selective electrodes have been reported by our group. [24] [25] [26] [27] Continuing efforts in the same direction, the present paper deals with a mercury(II) ion-selective electrode based on the p-tert-butyl calix [4] crown derivative with imine units as an ionophore (Scheme 1). The electrode exhibits a good response for mercury(II) ions over a concentration range of 5.0 × 10 -5 -1.0 × 10 -1 M with a near-Nernstian slope of 27.3 mV per decade. The electrode shows high selectivity for mercury(II) ions over most of the alkali, alkaline-earth and transition metal ions (Na + 
Experimental
Ionophore p-tert-Butyl calix [4] crowns with imine units used as an ionophore in this work was synthesized in our laboratory. Synthesis of the ionophore involved the formation of an aldehyde by generating a phenoxide ion, followed by an attack on the bromides to give dialdehyde, which was then condensed with the calixamine to give a [1+1] Schiff base product (Scheme 1).
Other reagents
All of the reagents used were of analytical-reagent grade. High-molecular-weight poly(vinyl chloride) (PVC), bis(2-ethylhexyl)sebacate (DOS), bis(2-ethylhexyl)phthalate (DOP), bis(2-ethylhexyl)adipate (DOA), tri-n-butylphosphate (TBP), 1-decanol, and especially dried tetrahydrofuran were used as received from Fluka. Sodium tetraphenylborate (NaTPB) was purchased from Aldrich. Doubly distilled deionized water was used throughout. ratio of PVC, plasticizer, sodium tetraphenylborate, and ionophore in about 5 ml of tetrahydrofuran. The mixture was shaken vigorously and the clear solution was poured into a petridish (50 mm in diameter). The solvent was allowed to evaporate at room temperature. The resulting membrane of 0.4 mm thickness was cut to size, attached to a PVC tube with the help of PVC glue and conditioned with a 1.0 × 10 -3 M Hg(NO3)2 solution for 3 days. The compositions of the different membranes prepared are given in Table 1 . All of the measurements of the electrode potentials were made with an Equip-tronics Model EQ-602 potentiometer, and all of the pH measurements were made with an Elico LI-Model-120 pH meter. The electrochemical cell assembly used for this study was as follows:
Ag-AgCl/1.0 × 10 -3 M Hg(NO3)2/PVC membrane/test solution/Ag-AgCl. Standard solutions of Hg(NO3)2 were obtained by diluting a 0.1 M Hg(NO3)2 solution. No pH adjustments were required, because the pH of pure solutions of Hg(NO3)2 lies within the functional pH range of the sensor.
Results and Discussion

Response characteristics of the electrodes
In preliminary experiments, different PVC-based ion-selective membrane electrodes, using calix [4] crown as ionophore, were prepared to determine the potentiometric response for different metal ions. Mercury(II) ion was found to give a better response compared to other metal ions studied. Silver(I) ion was found to give a sub-Nernstian response over a narrow concentration range of 1.0 × 10 -3 -1.0 × 10 -1 M with a slope of 31 mV per decade. This value of the slope is much lower than the expected value of 59.1 mV per decade for silver(I) ions. Ion-selective electrodes for other metal ions, such as Cu 2+ , Ni 2+ , and Cd 2+ , were found to give almost no potentiometric response. By optimizing the conditions, the mercury(II) ion-selective electrode E1 gave a near-Nernstian slope of 27.3 mV per decade over the concentration range of 5.0 × 10 -5 -1.0 × 10 -1 M with an internal reference solution, 1.0 × 10 -3 M Hg(NO3)2. The detection limit of the electrode was found to be 2.24 × 10 -5 M. The potentiometric response of the mercury(II) ion-selective electrode is shown in Fig. 1 .
The dynamic response time is an important factor of an ionselective electrode. In this study, the practical response time was recorded at different concentrations of the primary ion in the sample solution. A potential versus time trace for electrode E1 is shown in Fig. 2 . The response time of the sensor was found to be less than 20 s at various concentrations of the test solution, and no change was observed up to 5 min. The electrode potentials were reproducible, and the standard deviation of ten identical measurements was ±2 mV at various concentrations of mercury(II) ions.
While optimizing the composition of the membranes for preparing Hg 2+ -ISEs, membranes with different ionophore contents were prepared. Electrodes E2 and E3 gave super- membrane used in ion-selective electrodes. Membranes with a high amount of plasticizer ensure relatively high mobilities of their constituents owing to the low specific membrane resistance. Different plasticizers can be used to study the effect of plasticizers on the potentiometric response of the electrodes. The plasticizers used in the present study were bis(2-ethylhexyl)sebacate (DOS), bis(2-ethylhexyl)phthalate (DOP), bis(2-ethylhexyl)adipate (DOA), tri-n-butylphosphate (TBP) and 1-decanol. Electrode E1 with DOS as a plasticizer has been selected for further studies, because it gives a near-Nernstian slope and a wide concentration range, as compared to other membrane electrodes. Electrodes with DOP, TBP, DOA and 1-decanol as plasticizers also showed super-Nernstian slopes with a narrow linear range of 5.0 × 10 -5 -1.0 × 10 -2 M. The compositions and electrode characteristics of the different membrane electrodes prepared are summarized in Table 1 .
Effect of the pH
The pH dependence of membrane electrode E1 was studied at 1.0 × 10 -3 M mercury(II) ion concentration; the results obtained are shown in Fig. 3 . The potential was found to remain constant from pH 1.3 to 4.0. Beyond pH 4, the potential was found to decrease sharply due to the formation of the Hg(OH) + ion.
Selectivity
The selectivity, which is an important characteristic of a membrane sensor, is measured in terms of the potentiometric selectivity coefficients (K Hg,M Pot ). It measures the response of the sensor towards the primary ion in the presence of secondary ions present in the sample solution. The selectivity coefficients have been determined using a fixed interference method (FIM) based on the semi-empirical Nicolskii-Eisenman equation 3 
